The uptake of iron by Corynebacterhm diphtheriae growing in complex medium was found to be rapid and quantitative, even when the iron concentration of the medium was high enough to abolish toxin production completely. The presence of this inhibitory concentration of iron (8 pg./ml.) did not alter the duration of logarithmic growth nor did it affect the shape of the growth curve in any other way. The ferrous and ferric forms of iron were taken up equally well by the organism and appeared, weight for weight, to give the same h a 1 toxin titres. Ferrous iron, however, appeared to begin to exert its effect on toxin synthesis much earlier in the growth period than did ferric iron. It is suggested that perhaps only ferrous iron is inhibitory and that ferric iron requires to be converted to the ferrous form before exerting its effect.
Although the effect of iron in inhibiting toxin production by Corynebacterium diphtheriae has been known for many years (Locke & Main, 1931;  Pope, 1932;  Pappenheimer & Johnson, 1936), few studies have been made of the actual uptake of iron by the organism, and in fewer still does it appear that the course of the uptake of iron has been followed throughout the active growth curve. In the present work toxin production, growth and iron uptake were followed during the course of growth at iron concentrations intermediate between those necessary for the complete abolition of toxin production and those used for maximmi production of toxin. The effects of ferrous and ferric iron were compared and also the effects of ferric citrate and ferric chloride as sources of iron for the organism.
METHODS

Methods of cultivation.
The organism and medium were as described in the previous paper and submerged growth was carried out in 20 1. tanks containing 11 1. medium and 15 ml. 25 yo (w/v) antifoam A in butyl acetate (Edwards, 1960) . The temperature was maintained at 35" and air (500 ml./min.) was passed over the surface of the stirred culture.
Bacterial dry weights and viable counts. These were done as described in the previous paper (Edwards, 1960) .
Iron estimations. The wet ash method described by Seamer (1959) was used. The cultures were centrifuged and the iron content of both supernatant fluid and of the bacteria estimated. The bacteria were not washed as the difference made by washing was found to be negligible. The results for bacterial iron are expressed either as pg. bacterial Fe/ml. culture or as pg. Fe/mg. dry bacteria.
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Gas analyses. The effluent gases from the tanks were collected over acidified water and analysed for CO, and 0, by absorption first with KOH and then with alkaline pyrogallol in the usual manner.
Toxin. This was estimated by the flocculation method (Ramon, 1922; Glenny & Okell, 1924) . Results are expressed as Lf unitslml.
RESULTS
Ferrous iron.
A preliminary experiment ( Table 1 , SC 1427), on the uptake of iron by Corynebacterium diphtheriae growing in submerged culture and on the disappearance of iron from the medium, showed that the uptake of iron by the organisms was virtually quantitative by the 18th hr. of growth. The amount of iron left in the medium was so small that it was at the limit of sensitivity of the method of determination. The iron was firmly bound to the organisms and was not removed by washing with 0.9 yo saline. When 0.001 N-HC1 and 0.01 N-HC~ were used for the washing, organisms containing 0.09 pg. Fe/ml. culture gave 0-08 pg. Fe/ml. Organisms containing 0-10 pg. Fe/ml. culture were washed with 0-1 N-HCl and N -H C~ and gave 0.09 pg. Fe/ml. and 0.07 pg. Fe/ml. respectively. Thus it appears that only N-HC~ removed more iron than could be accounted for by experimental error.
In view of the rapid uptake of iron from the medium found in the preliminary experiment it was decided to investigate the effect on the organisms of adding increasing amounts of iron to the tank cultures. Six experiments were performed in which iron concentrations of 0.18, 0.35, 0.55, 1.34, 1.85 and 8-10pg./ml., respectively, were used. Lf/ml. values of 270, 210, 176, 54, 8 and 0, respectively, were obtained after growth for 48 hr. Although in the present study the toxin titres were in a clear inverse proportion to the amount of iron added to the cultures, it must be emphasized that any curve constructed from these values, however smooth it might be, could not be used to predict accurately the toxin titres that would be produced in future experiments. This is especially true when the lower concentrations of added iron are considered, for here other as yet unknown factors play a major part in determining the final toxin titres. Table 1 shows the iron uptakes by organisms as growth proceeded at the different iron concentrations and the disappearance of iron from the medium. In every case iron was rapidly taken up by the organisms. At the lowest concentration used, nearly 90 yo of the iron had been removed from the medium by the 18th hr. of growth, a t which time the bacterial dry wt. had reached only approximately one-third of its final value. At higher concentrations of iron, the uptake was not complete until later in the growth period; but even when 3 pg. Fe/ml. were added the iron had virtually all been taken up by the 30th hr. of growth. Figure 1 shows the iron concentration in organisms as pg. Fe/mg. dry wt. organism; it shows quite clearly how the iron concentration of the organisms changed as growth proceeded. The point a t which flocculable toxin was first detected is arrowed and the amount of the toxin (as Lf/ml.) at this point is Iron uptake by C. diphtheriae 707 indicated in each case. In Fig. 1 most of the iron values start at 12 hr. as the dry weight of organism and the iron content of the 6 hr. sample were too low to permit accurate determination; in one case, where the result for 12 hr. was missing, the 6 hr. value has been shown. The point at which flocculation first became detectable is seen to shift steadily along the time axis as the iron concentration in the medium was increased until eventually no toxin was found. It would appear from the values shown that between 0.14 and 0-16 pg. Fe/mg. bacterial dry wt. was required to inhibit toxin production completely. At the lower concentrations of iron it is doubtful whether values of this order would ever be reached, but it seems none the less likely that the organisms would, in the early stage of growth, contain sufficient iron to cause at least a partial inhibition of toxin production.
Since it seemed that the most likely role that iron might play was in affecting oxygen uptake the effluent gases from the tanks were analysed to see whether any changes could be detected as between cultures at different Fe concentrations. The results are shown in Table 2 . No significant differences were found as between the 0, content of the effluent gases from tanks containing three widely different iron concentrations and producing different yields of toxin. In the first case the volume of air passing was 500 ml./per min. and so the figures can also be taken to represent the percentage available oxygen absorbed. It is obvious that the organism had a high rate of oxygen consumption; it removed upwards of 70 y,' of that being passed into the tank. This failure to detect differences in the oxygen uptake between organisms containing such widely different. iron concentrations is surprising in view of the fact that in our experience it is usually necessary to increase the air supply when the iron concentration is high in order to stop the pH value from dropping too low. Since the oxygen uptake did not increase much after 18 hr. of growth it seems possible that the oxygen supply was limiting the growth rate. Pappenheimer (1955) suggested that the limited iron supply might be responsible for Iron uptake by C. diphtheriae 709 the growth curve deviating from the exponential. The present results do indeed show that at the lowest iron concentrations investigated the iron uptake was complete after about 18 hr. which corresponded roughly to the end of logarithmic growth. Figure 2 shows the viable counts of cultures containing 0.18 and 3.1 pg. Felml. and which produced 270 and 0 Lf/ml. respectively. Clearly it is not possible to distinguish between the two curves, and the presence of sufficient iron to suppress toxin production completely had no influence on the time of the deviation from logarithic growth. Since it has been shown already ( Table 1) that iron uptake by organisms where 3.1 pg. Fe/ml. were present was incomplete until the 30th hr. of growth, it is clear that iron was not the factor which limited the duration of logarithmic growth. 
Ferric iron.
Following the experiments with ferrous iron the uptake of ferric iron by cultures of Corynebucterium diphtheriae was investigated. For this purpose ferric chloride and ferric citrate were used; the iron uptakes are shown in Table 8 . As with ferrous iron the uptake was rapid and almost quantitative with both salts; each provided a readily available source of iron for the organism. The iron uptake appeared to be equally rapid whether ferric or ferrous iron was added, but the two types of iron produced different rates of toxin synthesis. Table 4 shows the progress of toxin production when the organism was grown at two concentrations of ferric and ferrous iron. Inhibition of toxin production occurred to much the same extent by 48 hr. whichever f o m of iron was added (when comparable iron contents are compared), but ferrous iron greatly delayed the appearance of toxin whereas ferric iron did not. Indeed the cultures containing ferric iron started to produce toxin as though no inhibitory concentration of iron had been added. Thus ferric iron appears to exert its effect on toxin production by slowing the rate of synthesis in the later stages of growth. Since ferric iron in these cultures was rapidly taken up by the organism, this failure to inhibit toxin production immediately suggests that perhaps only ferrous iron is inhibitory and that a conversion of ferric to ferrous iron must be accomplished within the cell before inhibition can occur. The rate of conversion would then determine the time a t which inhibition became apparent. 
DISCUSSION
The decrease in toxin titre from 270 to 0 Lf/ml. as the iron concentration of the medium was increased from 0.18 to 3.1 pg/ml. shows that, although the iron concentration is undoubtedly important, a complex medium such as was used in the present work is by no means as sensitive to the presence of iron as is a simpler chemically defined medium in which it seems agreed (Pappenheimer, 1947; Clarke, 1958) that c. 0-Spg. Fe/ml. is sufficient to decrease toxin production virtually to zero. This difference in sensitivity is not due to iron remaining in the complex medium in some form unavailable to the organism, for the quantitative transfer of iron to the organisms was clearly shown in every case studied. It seems more likely therefore that the difference may lie in different growth-promoting qualities of the two types of media.
I r m iuptalce by C. diphtheriae 711
The rapid and quantitative uptake of iron reported here is not in agreement with the results quoted by Clarke (1958) on the uptake of iron from a defined medium. In his experiments iron uptake continued for 118 hr. and even then was less than 70 yo complete. These differences are presumably due to the fact that while Clarke used static cultures in which the iron could only reach the surface film of organism by diffusion through the medium, the present method of submerged culture in which the organisms are uniformly dispersed is not subject to such an effect. However Pappenheimer (1947), using surface culture, found that iron added to his medium was 'recovered quantitatively from the bacterial cells'; no explanation of the discrepancy in the results of these two workers is obvious.
It has been stated in the Results section that the theory (Pappenheimer, 1955) that iron limited the period of logarithmic growth does not hold under the present conditions since the presence of sufficient iron to abolish toxin synthesis did not materially affect the shape of the growth curve. It does appear, however, that iron has a marked effect on the time at which toxin synthesis begins and that as more iron is added synthesis of toxin becomes more and more delayed. Also, the presence of relatively high concentrations of iron per unit weight of organism in the early stages of growth suggests that the rate of toxin production must be limited. This appears to be in agreement with the views of Raynaud, Alouf & Mangalo (1959) who used defined media and submerged culture methods; they concluded that toxin was secreted into the medium probably from the beginning of growth but that toxin formation was highest during the long slow period of growth following the exponential phase. In the present work it is not claimed that there was no toxin at all formed in the early stages of growth when the iron content of the medium was low. It is clear that any toxin formed was negligible in amount and, further, that as the iron content of the medium was increased it became less likely that any significant amount of toxin would be formed until the iron contentlmg. dry wt. organism had fallen to c. 0.14-0.16 pg. Fe. Thus iron does not act by 'slowing toxin production over the whole of the growth curve but rather by delaying the start of its production. Once a start has been made toxin production is usually rapid though the final titres found may be quite small, suggesting that perhaps only a small percentage of organisms have passed through a toxigenic phase.
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